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Crystal structure of phosphoadenylyl sulphate (PAPS) reductase:
a new family of adenine nucleotide a hydrolases
Hugh Savage1, Guillermo Montoya1, Cecilia Svensson1, Jens D Schwenn2
and Irmgard Sinning1*
Background: Assimilatory sulphate reduction supplies prototrophic organisms
with reduced sulphur for the biosynthesis of all sulphur-containing metabolites.
This process is driven by a sequence of enzymatic steps involving
phosphoadenylyl sulphate (PAPS) reductase. Thioredoxin is used as the
electron donor for the reduction of PAPS to phospho-adenosine-phosphate
(PAP) and sulphite. Unlike most electron-transfer reactions, there are no
cofactors or prosthetic groups involved in this reduction and PAPS reductase is
one of the rare examples of an enzyme that is able to store two electrons.
Determination of the structure of PAPS reductase is the first step towards
elucidating the biochemical details of the reduction of PAPS to sulphite.
Results: We have determined the crystal structure of PAPS reductase at 2.0 Å
resolution in the open, reduced form, in which a flexible loop covers the active
site. The protein is active as a dimer, each monomer consisting of a central six-
stranded b sheet with a helices packing against each side. A highly modified
version of the P loop, the fingerprint peptide of mononucleotide-binding
proteins, is present in the active site of the protein, which appears to be a
positively charged cleft containing a number of conserved arginine and lysine
residues. Although PAPS reductase has no ATPase activity, it shows a striking
similarity to the structure of the ATP pyrophosphatase (ATP PPase) domain of
GMP synthetase, indicating that both enzyme families have evolved from a
common ancestral nucleotide-binding fold. 
Conclusions: The sequence conservation between ATP sulphurylases, a
subfamily of ATP PPases, and PAPS reductase and the similarities in both their
mechanisms and folds, suggest an evolutionary link between the ATP PPases
and the PAPS reductases. Together with the N type ATP PPases, PAPS
reductases and ATP sulphurylases are proposed to form a new family of
homologous enzymes with adenine nucleotide a -hydrolase activity. The open,
reduced form of PAPS reductase is able to bind PAPS, whereas the closed
oxidized form cannot. A movement between the two monomers of the dimer
may allow this switch in conformation to occur. 
Introduction
As biosynthesis of most sulphur-containing compounds
depends on divalent sulphur, prototrophic organisms such
as bacteria, fungi, algae and plants assimilate inorganic
sulphate which is taken up and reduced enzymatically
[1–3]. The sulphur in inorganic sulphate is hexavalent and,
in order for it to be reduced to the divalent form, the pro-
vision of eight electrons is required. In most systems, the
proteins thioredoxin and ferredoxin are used to supply
these electrons. The redox potential of a direct reduction
of sulphate to sulphite is very low,  Eo¢ = –517mV, which
is too low for this reaction to occur in a biological setting.
The reduction of inorganic sulphate requires it first to be
activated. The uptake, activation and reduction of inor-
ganic sulphate to sulphide and finally the formation of
cysteine, is achieved using a sequence of enzymes. After
the uptake of sulphate via a transport system, the activa-
tion of inorganic sulphate is mediated by adenylation
using the enzyme ATP sulphurylase, producing the high-
energy species APS (adenylylsulphate) and pyrophos-
phate. In the next step, APS kinase phosphorylates APS
to PAPS (phosphoadenylyl sulphate). The PAPS sub-
strate is then reduced to sulphite by the fourth enzyme in
the pathway, PAPS reductase, the topic of this paper
(Figure 1). The reaction catalyzed by PAPS reductase
involves thioredoxin and takes place in two steps. Firstly,
reduced thioredoxin donates two electrons from its di-
thiol group to the enzyme and, in the second step, the
enzyme reduces PAPS to free sulphite [4–6]. Sulphite is
reduced to sulphide by the sirohaem-containing sulphite
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reductase. A high resolution structure of the haemopro-
tein subunit of NADPH-sulphite reductase (SiRHP) from
Escherichia coli has been reported [7], which could also be
used to deduce the structure of the enzyme that catalyzes
the reduction of sulphite in this pathway, ferredoxin-sul-
phite reductase.
In E. coli, PAPS reductase is encoded by the gene cysH,
which is located in a small operon together with cysJI, the
structural genes of the sulphite reductase [8,9]. PAPS
reductase consists of 244 amino acids with a relative mol-
ecular weight of 27927. The protein contains a single cys-
teine and is only active as a homodimer. Site-specific
mutagenesis has shown that the cysteine residue (Cys239)
is required in the reduction mechanism [6]. The reduction
of the protein is accompanied by a drastic change in the
apparent molecular weight of the dimer from about
46kDa of the oxidized form to 62 kDa of the reduced
form. The shift in PAPS reductase’s apparent molecular
weight has been interpreted as a change in the dimer con-
formation. As PAPS reductase has no chromophore or
prosthetic group, the puzzling question arises about how
two electrons are stored in the protein and then trans-
ferred to the substrate. Several possible mechanisms have
been discussed [6], including the reduction of a disulphide
bridge between the cysteines of the two protein mono-
mers and the formation of a transient radical in the protein
as in the photosystem II complex (PSII; [10]) or ribonu-
cleotide reductase [11]. Details of the cysteine reduction
are still not known, however.
PAPS reductase can also be described as a nucleotide-
binding protein. These GTP/ATP-dependent proteins con-
tain a glycine-rich sequence motif with a typical fingerprint
peptide GXXGXGKT/S (the P loop). The P loop is usually
located at the end of the first b strand, and it forms a large
anion hole that binds the phosphates of the mononucleo-
tide [12,13]. ATP pyrophosphatases (ATP PPases) contain
a modified P loop, the so-called PP motif (a term proposed
by Bork and Koonin [14] for the pyrophosphatase motif,
with the consensus sequence SGGXDS/T), which inter-
acts with the phosphate of AMP. A highly modified version
of the PP motif has been identified in PAPS reductases,
which is also present in ATP sulphurylases of the cysDN
type [14]. In PAPS reductase, the PP motif is SXG with
only one glycine residue. The sequence identity between
PAPS reductases and ATP sulphurylases from different
organisms is about 25–30%. Although both these families
of enzymes are able to bind a nucleotide with a sulphate
group, ATP sulphurylases are ATP PPases whereas PAPS
reductases have no ATPase activity. 
So far, no structure of any member of the PAPS reductase
or ATP sulphurylase family has been determined. We des-
cribe the three-dimensional (3-D) structure of the reduced
PAPS reductase enzyme in the apoform at 2.0 Å resolu-
tion; this is the first step towards understanding the bio-
chemical details of the reduction of PAPS to sulphite, as
well as a further step in the elucidation of the synthesis of
sulphur-containing molecules. The structure of PAPS re-
ductase is closely related to N type ATP pyrophospha-
tases [15], see later discussions for details.
Results and discussion
Structure determination and quality of the final model
The 3-D structure of PAPS reductase was determined by
multiple isomorphous replacement (MIR) using one plat-
inum and one iridium derivative (Table 1). The anoma-
lous component of the platinum derivative was also used
in phasing calculations. Except for one loop region (the
flexible loop, residues 158–166) and the C terminus, the
electron density for the mainchains and sidechains for all
the remaining polypeptide is well-defined. In the flexible
loop, the temperature factors are about 50–75 Å2 compared
with 21.1Å2 for the overall structure. Using native data col-
lected at the ESRF (Grenoble), the final structural model
was refined to 2.0Å resolution. The resulting model pro-
duces very reasonable model quality indicators (Table 2).
No outliers occur in the Ramachandran plot and over 95%
of the protein polar atoms form hydrogen bonds either
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Figure 1
The reaction catalyzed by PAPS reductase:
phosphoadenylyl sulphate (PAPS) is reduced
to phospho-adenosine-phosphate (PAP) and
sulphite.
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with solvent or other protein atoms. The expected hydro-
gen-bonding patterns within the helical and strand sec-
ondary structures are present.
PAPS reductase consists of 243 residues, not including the
N-terminal methionine, of these 215 were located. Several
sidechains of lysine and arginine residues lying on the
protein surface were not visible in the density maps, how-
ever. The N-terminal methionine was not visible. Residues
2–216 were included in the final model, residues 217–244 of
the C terminus could not be located and have been pre-
sumed to be disordered. Thus, excluding the first residue,
there are 28 residues missing. Disordered regions are not
unusual in protein structures, but mass spectrometry
revealed that the molecular weight of the protein in the
crystal is 26337.5Da (instead of the expected 27844.7Da),
corresponding to 230 residues. Obviously, some C-terminal
degradation of the protein took place, which does not affect
the protein remaining as a dimer in solution.
Overall structure
The overall structure of PAPS-reductase is V-shaped with
dimensions of approximately 30Å by 40Å by 50Å. The
monomer has an accessible solvent area of 11 658.7 Å2.
The fold of the protein is of an ab type, with part of the
structure forming a regular double-wound right-handed ab
topology. The structure comprises one domain, which is
made up of a central six-stranded b sheet with five helices
on one side of the sheet and one long, kinked, helix (a 7)
on the other side (Figure 2). The first 42 residues form
three helices (a 1–3) that lie on the surface of the protein.
Residues 47–106 form a regular right-handed a /b fold con-
taining three b strands (b 1-3) and two helices (a 4 and a 5).
These are followed by two helices (a 6 and a 7, residues
109–148)— a 7 fits into the main groove of the twisted six-
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Table 1
Data collection and phasing statistics.
Data set Native 1 Native 2 Native 3 K2PtCl4 K2PtCl4 K3IrCl6
(isomorphous) (anomalous)
Number of crystals 1 1 1 1 1 1
Temperature (K) 100 278 100 100 100 100
Maximum resolution (Å) 2.7 1.9 1.9 2.7 2.7 2.6
Resolution used (Å) 10.0–2.7 10.0–2.3 10.0–2.0 20.0–2.7 20.0–4.5 20.0–2.7
Measured reflections 33 708 93 013 129 757 65 866 65 866 41 821
Unique reflections 11 205 20 020 29 105 11 418 11 418 12 973
Completeness (%) 91.2 99.8 87.4 95.5 95.5 91.4
Rmerge* 8.5 7.5 8.1 8.0 8.0 13.5
No. of sites – – – 1 1 3
Rderiv† – – – 15.0 – 18.0
Rcullis (%)‡ – – – 58.1 – 57.3
RKraut (%)§ – – – 11.0 9.7 8.5
Phasing power# – – – 1.5 1.9 2.0
*Rmerge = S | Ii–Im | / S | Im |, where Ii and Im are the observed intensity
and mean intensity of related reflections. 
†Rderiv = S | FPH–FP | / S | FP | where FPH is the structure-factor amplitude
of the derivative crystal and FP is that of the native crystal.
‡Rcullis= S | | FPH|(obs) ± | FP| (obs) – | FP|(calc)| / S| | FPH|(obs) ± | FP|(obs)|
where FPH and FP are defined as above and FP(calc) is the calculated
heavy-atom structure factor amplitude. Centric reflections only were
included for this calculation.
§Rkraut = S | | FPH | (obs) – | FPH | (calc) | / S | FPH | (obs) for the isomorphous
case and S | | FPH+ | (obs)– | FPH+ | (calc) | + | | FPH – | (obs)– | FPH – | (calc)| / S | FPH + | (obs) + |FPH– | (obs) for the anomalous case. #Phasing
power = F(H)/E, the root mean square (rms) heavy-atom structure
factor amplitudes divided by the lack of closure.
Table 2
Refinement statistics.
Resolution range (Å) 10–2.0 Å
Data used: native1 + 3
Number of observed reflections: I/s > 0 149 155
Number of unique reflections: F/s > 0 27 464
Number of unique reflections: F/s > 2 27 181
Overall completeness (10–2.0 Å) (%) 93.2
Completeness (10–2.7 Å) (%) 99.7
Number of reflections in:
test set 1367
working set 25814
Number of non-hydrogen atoms of protein 1740
Number of water sites 387
Rmerge (native1/native3) (%)* 11.4
Free R factor (%)† 23.2
Rcryst (%)† 19.0
Rms from ideal stereochemistry:
bonds lengths (Å) 0.011
bond angles (°) 1.1
dihedral angles (°) 22.4
impropers (°) 1.0
Average overall B factor (Å2) 21.1
*Rmerge = S | Ih,i–<Ih> | /S| < Ih> | , where Ih,i is the intensity for reflection h
in data set I, and <Ih> is the average intensity for reflection h
calculated in the replicate data. †R factor and free R factor are for data
F/s > 2. Rfree = S| Fobs–Fcalc|/S Fobs for 5% of data randomly selected
and excluded from the refinement. Rcryst = S| Fobs–Fcalc|/S Fobs for the
remaining 95% of the data included in the refinement. 
stranded b sheet. Residues 150–180 form the three re-
maining b strands (b 4–6) of the sheet, the last one being
antiparallel. The only flexible region (158–166) includes
the loop between b 4 and b 5. Two more helices (a 8 and
a 9) are formed by residues 187–208 with a 9 being a 310
helix. The final part of the structure, residues 209–216, are
believed to form part of the active site. The disordered res-
idues (217–230) and the missing C-terminal region (231–
244) are at the surface of the protein; secondary structure
predictions suggest that the C terminus forms an a helix.
We presume that the C terminus in our structure is disor-
dered because of the absence of substrate. Similar observa-
tions have been reported for a number of protein
structures, for example, in human class a GST-transferase
AII, the C-terminal a helix is disordered in the apoform of
the enzyme, whereas it forms a well-defined lid on the
active site when substrate is bound [16].
Dimer structure
The solvent content of the PAPS reductase crystals is
about 65% and a relatively open structure is thus formed
(Figure 3a). In vivo, the enzyme functions as a dimer and it
always stays as a dimer in solution, but in the crystal only
one molecule was present per asymmetric unit. The space-
group of the crystals is C2221, which is highly symmetric,
and three crystallographic dimers are present. The dimer
contact surface areas for the three dimers are 1483Å2,
1119Å2 and 479Å2; these correspond to buried surface
areas of 6.3%, 4.8% and 2.0%, respectively, of the total ac-
cessible dimer surface area of 23317.4Å2 (calculated with
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An overview of the structure of PAPS reductase. (a) Ca ribbon
representation of PAPS reductase drawn with SETOR [43]. Helices
are shown in red and b strands in blue. The N and C termini and the
location of the PP motif (P), the DT motif (D) and the flexible loop (F)
are indicated. Helices and b strands are labeled with numbers
according to their order in the sequence. (b) Topology diagram of
PAPS reductase. Triangles and circles represent b strands and a
helices, respectively. Strands that form a b sheet are grouped together.
The colour code is the same as in (a).
WHATIF [17]). There are a number of criteria the func-
tional dimer should meet. The two C termini should be
close in space to allow formation of the disulphide bridge
in the oxidized form. Aromatic residues are probably im-
portant for electron transfer to the active site, therefore,
Trp185 should be exposed in the reduced form of the
protein (as discussed later). The dimer should allow for
flexibility, because a contraction occurs upon oxidation of
the protein. We believe the second of the three crystallo-
graphic dimers is the most probable functional candidate,
as it complies with all the criteria (Figure 3b). The contact
interface of this dimer contains the C-terminal region of
each monomer. The presence of the flexible region (which
is partly missing) in the crystal structure would also
increase the percentage of the dimer surface buried. Fur-
thermore, this dimer also has a high degree of buried hydro-
phobic surface area and a significant number of aromatic
residues are present within the dimer interface. The mon-
mer–monomer contacts involve both non-polar contacts
and hydrogen bonds, as well as stacking of aromatic resi-
dues (e.g. Trp205, Tyr201, Tyr209 and Phe191). The ac-
tive sites (see below) of both monomers are 34Å apart
(Ca –Ca distance between Ser53 in the PP motif) and the
C termini (with 28 residues missing) are 42Å apart. Trp185,
which is important in electron transfer, is exposed. The
dimer is quite open and has an elongated shape.
Structural relationship of PAPS reductase with GMP
synthetase and NAD synthetase
The crystal structure of PAPS reductase shows a striking
similarity to the structure of the ATP PPase domain of
GMP synthetase (GMP-S [15], residues 207–406) and to
the recently determined structure of NH3-dependent NAD
synthetase (NAD-S [18]). This was revealed using the
domain alignment program DALI [19].
Superposition of PAPS reductase and GMP-S using the
program O [20,21] resulted in 120 equivalenced Ca atoms
with a root mean square deviation (rmsd) of 1.9Å (Fig-
ure 4a). GMP-S consists of three domains—a Class I gluta-
mine amido transferase domain, an ATP-PPase domain
and a dimerization domain. The ATP PPase domain is an
N type ATP PPase and consists of a twisted five-stranded
parallel b sheet sandwiched between helices (Figure 4b)—
very similar to the classic dinucleotide-binding fold [22].
The position of the missing C-terminal region of PAPS
reductase may correspond to the dimerization domain of
GMP-S (residues 409–525), which is connected to the ATP
PPase domain by a glycine and proline-rich linker peptide
(residues 403–409). The dimerization domain begins with
an a -helical region (residues 410–435) which corresponds
to the C terminus in PAPS reductase. 
The major differences seen in PAPS reductase but not the
ATP PPase domain are two additional helices at the N ter-
minus, the kink in helix 7 due to a proline residue and the
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Figure 3
Interactions between PAPS reductase monomers in the crystal.
(a) One layer of the unit cell is shown to illustrate the packing of the
protein in the crystal. The high solvent content of 65% can be seen
from the large solvent channels between the protein molecules. The
crystal axes are indicated (in green). (b) One of the three
crystallographic dimers is shown in more detail; we believe this one is
the active dimer. Residues of the dimer interface are shown as
sidechains in ball-and-stick representation. The colour code for the
sidechains is grey for aromatic residues and red for negatively charged
residues.
addition of an antiparallel strand (b 5) to the b sheet. The
flexible loop between b 4 and b 5 in PAPS reductase is at a
position equivalent to a 11 and the disordered residues
347–368 between a 11 and b 17 in the ATP PPase domain.
NAD-S was identified by DALI as the second closest struc-
ture to PAPS reductase, and they can be superimposed
with an rmsd of 2.1 Å for 117 C a pairs (not shown; the
coordinates for NADS were provided by M Rizzi, personal
communication). NAD-S also displays a striking similarity
with the ATP PPase domain of GMP-S. NAD-S is active
as a homodimer, however, in contrast to PAPS reductase,
the dimer is very tight—20% of the accessible surface area
is buried upon dimer formation. The location of the second
monomer of NAD-S is different from that of PAPS reduc-
tase. In addition, a tight dimer of PAPS reductase would
interfere with its substantial reorganization during the en-
zymatic mechanism. At the dimer interface of NAD-S,
there is a binding site for the second substrate, which could
suggest details of the thioredoxin-binding site of PAPS
reductase. Thioredoxin binds to the oxidized form of the
enzyme, however, which is expected to be in a closed con-
formation that is very different from what we find for the
reduced form. The position of AMP in NAD-S superim-
poses well with the position of AMP in GMP-S. There are
two regions in NAD-S (82–87 and 204–225) that are disor-
dered in the free enzyme and become structured when it
is in complex with ATP. The latter one corresponds to the
C-terminal region of PAPS reductase, in which the resi-
dues 204–216 are well-ordered due to interactions with the
region 80–85. Residues 217–230 are disordered. We expect
that the missing C-terminal region would also become
ordered when the enzyme is in complex with substrate
and that this will increase the area of the dimer interface.
Active site 
The electrostatic potential of the protein surface has been
analyzed for the monomer using the program GRASP [23]
(Figure 5). There is a deep cleft with a positive potential
visible on one side of the protein, which immediately sug-
gests that this region is the binding site of the negatively
charged substrate, PAPS. Arginine and lysine residues line
the pocket, and they are conserved in both PAPS reduc-
tases and ATP sulphurylases (Figure 6). As the protein has
been crystallized in the reduced form without substrate, the
pocket is open and filled with a number of water molecules.
The flexible loop (residues 159–166) is seen to close the
pocket on the left side. The C-terminal region lines the
active site on the side nearest to the dimer interface. 
The modified PP motif of PAPS reductase (residues 53–
55) is located in the positively charged cleft and superim-
poses well with the PP motif of GMP-S (residues 235–241)
and NAD-S (residues 46–51). Ser53 in PAPS reductase is
equivalent to Ser235 in GMP-S (Ser46 in NAD-S). On the
basis of the position of AMP and PPi in GMP-S and/or
NAD-S, Ser53 of PAPS reductase would be in a position
competent for the formation of a hydrogen bond with the
a -phosphate/sulfate moiety of PAPS. The second serine
residue in the P loop that interacts with the bg phosphates
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A comparison of PAPS reductase with the ATP PPases domain.
(a) Stereo pair of the Ca representation of PAPS reductase (red)
superimposed with the ATP PPase domain of GMP synthetase (blue) in
complex with AMP and PPi (ball-and-stick) [15]. The N and C termini
(residues 2 and 216, 207 and 409, respectively) are indicated. The
central b sheet only shows small deviations between the two structures
and the general positions of the helices match rather well. The major
differences are found at the N terminus (at the top) and in the region
between b 4 and b 5 in PAPS (equivalent to the region after a 11 in ATP
PPase with the disordered residues 346–369). The figure was drawn in
MOLSCRIPT [44], the superposition was done in O [20,21]. (b)
topology of the ATP PPase domain (colour code as in Figure 2b).
(Ser240 in GMP-S and Ser51 in NAD-S) is not conserved in
PAPS reductases, as these enzymes are not PPases. Most
PAPS reductases have a hydrophobic residue in the equiva-
lent position. In addition to their location in P loops, serine
and glycine residues are often found in the anion-binding
sites of protein structures, where the sidechain oxygen of
serine and the backbone nitrogen of glycine act as hydro-
gen-bond donors [24]. As the PP motif of PAPS reductase
probably interacts with the 5¢ -phosphate of PAPS, the sub-
strate has been modeled in the active site of PAPS reduc-
tase based on the position of AMP in GMP-S and NAD-S
(Figure 7). PAPS contains an additional phosphate group at
the 3¢ -OH of the ribose moiety of ATP (see Figure 1).
Depending on the conformation of the ribose moiety,
Lys178 might be involved in binding the 3¢ -phosphate
group. Lys178 is strictly conserved in PAPS reductases and
ATP sulphurylases. Arg164 is in a position that could allow
it to interact with the sulphate group of PAPS. Arg164 is
strictly conserved in all ATP sulphurylases and PAPS
reductases, and its sidechain is stabilized by a hydrogen
bond with the sidechain of Gln160. Lys136 is strictly con-
served in PAPS reductases, and in the crystal structure it
points into the substrate-binding site towards the purine
ring of PAPS. There are two more invariant arginine
residues (157 and 158) that are part of the flexible loop of
PAPS reductase. The guanidinium group of Arg157 is
located half way between the sulphate group of the sub-
strate and Trp185. In SiRHP, the binding site for sulphite
has also been shown to be in a positively charged area [7].
Arginine residues are frequently used ligands for the
binding of anions in protein structures, due to their ability
to form multiple interactions [24]. In phosphoglycerate kin-
ase, three arginine residues are involved in binding the sub-
strate phosphate group [25]. Arginine and lysine residues
can act as general acids to directly protonate the substrate or
to activate water molecules to do so. Protonation of the
oxygen of S–O bonds weakens the bond [26] and thereby
facilitates the cleavage of the phosphate–sulphate bond.
We have to wait for the determination of the structure of
PAPS reductase in complex with substrate analogs to
answer the questions about the mechanism of the enzyme.
A sequence motif (DT motif) has been proposed by Bork
and Koonin [14] as a possible binding site for sulphate. This
motif has been suggested to be analogous to the Mg2+-
binding motif in ATP-binding proteins. PAPS reductase
does not contain Mg2+ ions and Mg2+ is not required for it to
function (JDS, unpublished results). Asp78 and Thr79 of
PAPS reductase superimpose well with Asp261 and Asn262
in GMP-S, which are neighbours of Val260. The backbone
nitrogen and oxygen of Val260 form hydrogen bonds with
the N1 and NH2-group of the purine ring, thereby, con-
tributing to the nucleotide specificity of GMP-S [15]. The
mainchain of Thr77 in PAPS reductase is in a position
equivalent to that of Val260 and, in this enzyme from organ-
isms other than E. coli and in ATP sulphurylases, Thr77 is
often replaced by Valine (Figure 6). Furthermore, in NAD-
S, the corresponding region (which includes residue 77) is
also involved in interacting with the head group of AMP
[18]. The adenine ring of AMP is bound by hydrogen bonds
to the sidechain of Gln84 and to the backbone of Leu79,
and is involved in stacking interactions with Arg139. The
sidechain interactions might be necessary, as Asp78 in
PAPS reductase (Asp261 in GMP-S) is replaced by a proline
residue in NAD-S. We conclude that the DT motif is not a
sulphate-binding motif, but is necessary to confer a certain
backbone conformation which allows PAPS reductase to
interact with the purine ring of the nucleotide. In support of
this, the DT motif is not conserved in APS kinases and is
not strictly conserved in ATP sulphurylases.
A family of adenine nucleotide a hydrolases?
Tesmer et al. [15] described the ATP PPase domain of
GMP-S as the prototype for a new family of ‘N type’ ATP
PPases with related catalytic function and structure, in-
cluding NAD-S, asparagine synthetase and argininosucci-
nate synthetase. All activate carbonyl or carboxyl groups by
adenylation and all displace AMP from the adenylated
intermediate by the attack of a nitrogen nucleophile. In
other ATP PPases, like tRNA synthetases and CoA ligases
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Figure 5
The electrostatic surface potential of the PAPS reductase monomer is
shown (negative potential in red, positive potential in blue). View as in
Figure 7, showing the active site of the protein. Conserved positively
charged residues in the active site are labelled. The protein is
displayed as a Ca ribbon. The figure has been produced with the
program GRASP [22]. 
an oxygen or sulphur nucleophile, respectively, is used for
displacing AMP. Tyrosyl- and glutaminyl-t-RNA synthe-
tases (PDB codes 2ts1 [27] and 1gtr [28]) have been identi-
fied by DALI [19] as being related to PAPS reductase, but
with a much lower score than GMP-S and NAD-S. In par-
ticular, the conformation of the P loop is found to be dif-
ferent. From sequence alignments (Figure 6), the proteins
most closely related to PAPS reductase are the ATP sul-
phurylases, which are ATP PPases. ATP sulphurylases,
however, catalyze a reaction in which the energy of the
phosphodiester bond of ATP is transferred to a P–S bond.
The P loop of ATP sulphurylases contains the second ser-
ine residue as seen in N type ATP PPases, such as GMP-S
and NAD-S. ATP sulphurylases share the DT motif and a
number of conserved positively charged residues with
PAPS reductase (Figure 6). From sequence conservation,
mechanistic similarities and secondary structure assign-
ments, ATP sulphurylases can be expected to have a
similar fold as PAPS reductase, which in turn is similar to
the ATP PPase domain of GMP-S and NAD-S. A struc-
ture-based sequence alignment (Figure 6) shows that, in
order of structural similarity, ATP sulphurylases are indeed
placed between PAPS reductases and N type ATP PPases.
They have an insertion after b 5 which is of similar length
to that in ATP PPases. The structure of ATP sulphurylase
will form the link between the ‘classical’ ATP PPases and
the PAPS reductases, which do not have ATP PPase activ-
ity. Modifications to the P loop and residues in the active
site of PAPS reductase had to be acquired to enable it to
interact with the sulfate group and reduce it to sulphite.
As these enzymes have the hydrolysis of the a -phosphate
bond of different adenine nucleotides and the overall
structure in common, we would like to propose the term
‘adenine-nucleotide (AN) a hydrolases’ as new name for
the homologous family of enzymes including PAPS reduc-
tases, ATP sulphurylases and N type ATP PPases. 
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Sequence alignment of PAPS reductases (PR) and ATP sulphurylases
(AS) based on the 3D structure of PAPS reductase. The start and end
of our structure (residues 2 and 216) are marked by a black triangle.
The ATP PPase domain of GMP-S has been included (GmpEC) for
comparison with the secondary structure [15]. The sequences are
given with the accession numbers from the sequence data base:
CyshE (E. coli, PR, P17854), CyshS (Salmonella typhimurium, PR,
P17853), Mt16 (Saccharomyces cerevisiae, PR, P18408), CysD (E.
coli, AS, P21156), NodR (Rhizobium meliloti, AS, P1344) and NodA
(Azospirillum bras., AS, P28603). Residues referred to in the text are
marked in green. Secondary structure assignment was done with
DSSP [45], the figure was produced with the program Alscript [46]. 
Conformational change during reduction
PAPS reductase appears to coordinate the activity of the
dimer through a series of conformational changes and bind-
ing events. The open, reduced, form is able to bind PAPS,
whereas the closed (oxidized) form cannot [6]. The authors
concluded from kinetic data that thioredoxin only forms a
rather short-lived complex with PAPS reductase in the ab-
sence of substrate. From mutagenesis and spectroscopic
studies Cys239, Tyr209 and an unidentified tryptophan
residue (probably Trp185) have been proposed to be in-
volved in the reduction process. Replacing Cys239 by ser-
ine leads to a loss of enzyme activity, whereas the effects
on PAPS reductase’s ability to bind thioredoxin and PAPS
were only marginal. Mutation of Tyr209, which is also con-
served, severely affected the enzyme’s affinity for thio-
redoxin. It was assumed that this residue—in analogy to
ribonucleotide reductase [11] and PSII [10]—is involved
in the transfer of electrons from thioredoxin to PAPS. Fur-
thermore, in accordance with the algorithm defining post-
translational sulphation of tyrosine [29], Tyr209 is expected
to have a high affinity for PAPS. Indeed, the mutated
enzyme is more easily saturated with thioredoxin, whereas
its reaction velocity is drastically decreased. This suggests
that Tyr209 is involved in the interaction with thioredoxin
and with PAPS. Tyr209 is accessible at the dimer interface
and surrounded by aromatic residues (Figure 3b). From
spectroscopic data, Trp185 (strictly conserved) has been
suggested to be involved in the electron transfer as well as
in binding of the substrate [6]. It seems to be buried in the
closed form, but exposed in the reduced form of the dimer,
which is in agreement with its location on the surface in
our structure. Trp185 is 20Å away from Tyr209 in the
same monomer, whereas across the dimer Trp185 is only
14Å away from Tyr209 in the second monomer. The flexi-
ble loop might fold back in the oxidized form of the
protein, thereby, opening the binding site and burying
Trp185. A conformational change during nucleotide bind-
ing has been proposed for the disordered region (346–369)
in GMP-S which is at the equivalent position to that in
PAPS reductase [15]. Movements have been observed in
some enzyme structures upon complex formation with
another protein or upon substrate binding and such changes
can be very large, as in adenylate kinase [30,31]. In this
structure, a large mobile lid domain closes the active site
when ATP is bound which involves a movement of 30Å
and a hinge bending of 88°. Flexing of a hinge between
the two monomers of PAPS reductase seems necessary to
close the dimer in the oxidized form. Unfortunately, there
is no evidence for this from our structure, partly because
of 28 residues missing at the C terminus. A hinge region
that splits the ATP-binding site was described for GMP-S
and a large segmental motion suggested during the reac-
tion cycle of the enzyme [15]. The linker peptide be-
tween the ATP PPase and the dimerization domain of
GMP-S moves with the dimerization domain. Therefore,
it is tempting to assume that the C terminus of PAPS
reductase might be involved in a similar motion. Our
structure will assist in the design of mutants, needed to
obtain more information on substrate binding and reduc-
tion. We have to wait for the structure of the enzyme in
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Figure 7 
The possible interactions between PAPS reductase and its substrate,
PAPS. (a) A stereo picture of PAPS reductase is shown with PAPS
placed in the active site based on the position of AMP in GMP-S and
NAD-S (Figure 4a). (b) The active site with PAPS is shown in more
detail. PAPS is shown in ball-and-stick with phosphorus in green and
sulphur in yellow. Residues which are thought to be involved in binding
the substrate are represented with sidechains: Arg164, Lys178,
Gnl160, Lys136, Arg157 and Ser53. Trp185 is shown. Thr79
illustrates the location of the DT motif.
the oxidized form to answer the questions about the rele-
vant conformational changes correlated with the mecha-
nism of this unusual protein.
Biological implications
Assimilatory sulphate reduction is the source of reduced
sulphur for the synthesis of all sulphur-containing meta-
bolites in prototrophic organisms. Cysteine and methion-
ine, the end products of this metabolic pathway, cannot
be synthesized by humans. We are strictly dependent on
the uptake of these essential amino acids through our
diet. The precise understanding of the biosynthesis of
these compounds has been hampered by the fact that no
structural information of the enzymes involved has been
available until recently. Knowledge of these structures
will allow us to reconstruct this metabolic pathway in
vitro. This could lead to engineered bacteria or plants
with an enhanced production of these amino acids. The
opposite route is also possible, however, and, as inhibi-
tion of the sulfate reduction pathway is lethal, structural
information about the enzymes involved in this pathway
could be used for the development of specific inhibitors,
which might be useful herbicides or antibiotics.
Phosphoadenylyl sulfate (PAPS) reductase catalyzes the
reduction of PAPS to sulphite, using thioredoxin as elec-
tron donor. This reaction is the essential step in the
biosynthesis of cysteine in E. coli and blocking PAPS
reductase inhibits cell growth. In most cases, electron
transfer reactions in proteins involve co-factors and/or
metal ions. PAPS reductase is one of the rare examples
of a protein that is able to store two electrons prior to
reduction of the substrate without the use of a cofactors.
Our structure of the enzyme shows that it is a homod-
imer, each monomer consisting of a six-stranded b sheet
surrounded by a helices. A highly modified version of
the P loop (residues 53–55), the fingerprint of mononu-
cleotide-binding proteins, is present in the active site of
PAPS reductase. The P loop probably interacts with
PAPS via Ser53, which is in a position that may allow it
to form a hydrogen bond with the a-phosphate moiety of
the substrate. The activity of PAPS reductases appears
to be coordinated through a series of conformational
changes—the open, reduced, form is able to bind PAPS,
whereas the closed, oxidized, form cannot. According to
the large movements seen in the structure of adenylate
kinase upon ATP binding, it is plausible that the flexing
of a hinge between two PAPS reductase monomers may
be necessary to close the dimer in its oxidized form. 
The structure of PAPS reductase presented here is the
framework for the design of mutants, which are needed
to analyze the enzymatic mechanism in more detail.
The structure also has close homology to a new family of
N type ATP pyrophosphates (PPases), which includes
GMP synthetase and NAD synthetase. Although PAPS
reductases have no ATP pyrophosphatase activity, they
are clearly homologous to the ATP sulphurylases, a sub-
family of ATP PPases, which appear to share to the same
protein fold and may provide an evolutionary link be-
tween ATP PPases and PAP reductases. 
Materials and methods
Crystallization
The expression, characterization and purification of PAPS reductase
have been described [6,9]. The crystallization has been done as
described by Montoya et al. [32]. Crystals of PAPS reductase were
grown using the hanging drop vapour diffusion method, with the best
crystals growing at ~4°C. The protein drops were prepared by mixing
2 m l of the protein solution with a concentration of 8 mg/ml (in 10.0 mM
Tris pH 8, 0.1 mM EDTA, 0.25% octyl glycoside) with 2 m l of well buffer
which contained 10% (w/v) MPEG 5000 buffered by Bis-Tris to
pH 6.0, 200 mM calcium acetate and 1mM DTT. Crystals of usable size
appeared within 3–5 days.
The shape of the majority of the crystals was a tetragonal prism, often
containing a large cavity extending inwards from one end. The cross-
section of the crystals was in the order of 0.03–0.08 mm with a
length of up to 1.0 mm. Other crystals were shorter and more cuboid-
like with no cavity. One of the latter type was used for the synchro-
tron data collection. The crystals belong to the spacegroup C2221
with a = 82.76 Å, b = 95.74 Å and c = 109.80 Å, and they contained
one PAPS-reductase molecule per asymmetric unit, giving rise to a
solvent content of 65% [33].
Data collection and processing
X-ray diffraction data for one set of native crystals (to 2.7Å resolution,
native 1) and for the heavy-metal derivatives were collected in-house on
two MAR-image plate detectors mounted on rotating anode X-ray gener-
ators. All in-house data were collected at 100K using an Oxford cryo-
system. A cryo-protectant, consisting of the well buffer (given above) and
20% PEG400, was added in small amounts to replace the protein solu-
tion around the crystals. The crystals were then directly frozen in the cryo-
stream using a nylon loop. The crystal-to-detector distance was 130–
140mm, giving a resolution of up to 2.7Å. An oscillation range of 1.0° per
frame was chosen using exposure times of between 180 and 600
seconds. The changes in the cell dimensions on freezing ranged from
0.2% to 2.5%, with most changes being less than 1%.
A range of heavy-metal soaks (up to 10 days) were prepared using dif-
ferent concentrations for various lengths of time, and the derivatives
were then screened. From these soaks, two useful data sets were col-
lected giving interpretable Patterson maps. The two derivatives were
obtained from potassium tetrachloroplatinate(II), K2PtCl4, and potas-
sium hexachloroiridiate. 
A second set of native data (native 2) was collected at the EMBL
beamline X11 at the Hasylab (EMBL, Hamburg). This data set was col-
lected at room temperature to 2.0 Å resolution. The beamline was
equipped with a MAR 18 cm image plate detector set at a distance of
180 mm from the crystal. The exposure time used was 20 seconds with
an oscillation range of 1 Å, and a wavelength of 0.927 Å.
A third set of native data (native 3) was collected at 100K to 1.9Å resolu-
tion at the European Synchrotron Research Facility (ESRF, Grenoble) on
the BL4 beamline; the X-ray apparatus comprised a four-circle Huber
goniometer fitted with a 30cm MAR image-plate detector. The X-ray
wavelength was 0.99Å. The crystal-to-detector distance was 250mm;
the exposure time used was 15s with an oscillation range of 1°.
The data processing for all images collected was undertaken using the
program suite of Denzo and Scalepack [34]. A summary of the result-
ing statistics is given in Table 1. The native 3 synchrotron data was col-
lected in two parts (high and low resolution) to prevent overloads at
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lower resolutions, but the low-resolution part was only 72% complete.
As the 2.7 Å in-house data was more complete (91%), the final native
data set was obtained from merging the native 3 synchrotron data set
to resolution 2.0 Å with the native 1 data set collected in-house to 2.7 Å
(Table 2). 
Structure determination
After the data processing, many of the crystallographic calculations
were carried out using the CCP4 suite of programs [35]. Starting
phases were derived from MIR using a platinum derivative and an
iridium derivative. One strong site was initially located in the difference
Patterson map of the platinum derivative. No further sites were seen in
the difference Fourier map, calculated using the platinum site. Three
sites were determined from the iridium derivative using cross phasing
with the platinum phases. A total of four sites were obtained that were
located in different positions on the protein. 
The parameters for the heavy-atom sites were refined and phases to
2.7 Å resolution were calculated using the program PHASES [36]. The
anomalous component to 4.5 Å of the platinum derivative was also
used in the phasing calculation. The overall figure of merit obtained
was 0.58. Several rounds of solvent flattening were undertaken within
the PHASES package and the figure of merit was increased to 0.83. 
Fourier maps were then calculated and inspected to locate and build in
interpretable pieces of secondary structure using the graphics program
O [20,21]. Initially, a polyalanine model was used to represent the sec-
ondary structure.
Refinement and model building
As expected from the solvent content of 65%, large solvent channels
were seen to extend throughout the crystal. The initial MIRAS-phased
2.7 Å electron-density maps were found to be readily interpretable and,
when all the loop regions except one (159–163) were included, the
sequence could be unambiguously assigned and the sidechains built
in. Only the first 209 residues out of the full sequence of 243 residues
were located, however. This model was used as the starting model for
the refinement.
The program X-PLOR [37,38] incorporating the Engh and Huber set of
stereochemical parameters [39] was used in the refinement procedure.
Standard X-PLOR protocols were used, in which initial runs of rigid-
body refinement and then cycles of simulated annealing and positional
and individual B factor refinement were undertaken. At this stage, the
native 3 data set at 100 K was not available, and the initial refinement
was carried out against the 278K native 2 data-set extending to 2.3 Å
resolution. The initial R factor and Rfree were 44.4 and 42.2%, respec-
tively. A further six residues at the C terminus were located in differ-
ence-density maps calculated, along with about 80 water molecules.
After another round of X-PLOR refinement, the values of the R factor
and Rfree were 23.7% and 28.3% respectively.
The refinement was then continued using the combined native 1 and
native 3 data sets. After the final round of positional and individual B
factor refinement cycles, the resulting Rfactor and Rfree 19.0% and
23.2% were obtained for a model consisting of 216 residues and 378
water sites. The refinement included only data with F > 2s (F) over a res-
olution range 10–2.0 Å. There was one loop region (residues 160–
163) in which the electron density in the difference maps was
observed to be quite weak with some breaks occurring. The tempera-
ture factors over this regions ranged between 30 and 90 Å2. 
Model statistics
Of the 243 residues expected, positions for 215 of them were included
in the final model. The missing residues extend from residue 216 to the
C terminus. The rms deviation from ideality is 0.011 Å for bond dis-
tances and 1.2° for bond angles. Using the criteria given in the
PROCHECK program [40] 91% of the dihedral phi/psi angles lie in the
most favoured regions of the Ramachandran plot [41] and 9% in the
additional allowed regions. Using the WHATIF ‘check’ criteria [42], ten
residues appear to lie outside the allowed regions, and the dihedrals
for nine of these ten, lie on the edge or very close to the allowed areas.
The average temperature factor for all the protein atoms is 21.1 Å2,
which compares well with the estimated average B factor of 18.9 Å2 for
the crystal obtained from the Wilson plot. The program GRASP [22]
was used to calculate and display the charge distribution at the surface
of the PAPS reductase molecule.
Accession numbers
The atomic coordinates of the refined model for PAPS reductase have
been deposited to the Brookhaven Protein Data Bank.
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